Nylon 66 yarn was exposed to near-ultraviolet radiation in a dry oxygen atmosphere for exposure periods up to 240 hr.
Introduction
Investigations of the photodegradation of nylon 66 have dealt principally with its photodecomposition and changes in tensile properties [2, 35, 41, 46, 53, 54, 61, 64, 6$] when materials were exposed out-of-doors or to broad-band irradiation sources in the laboratory. . Fewer investigations have employed narrow waveband sources, with the exception of the low pressure Hg vapor lamp which emits at 254 nm [47, 59] . Shorter wavelength uv and high energy irradiation (x-ray, gamma, electron) of potymeric materials have been shown to produce considerable morphological changes in polymers. Depending on polymer type, irradiation energy level [57J, and the reaction atmosphere [32, 47, 60~, polymers may be predominantly cleaved [51, 57] or crosslinked [14, 18, 34] . Generally, high energy irradiation destroys crystallinity and usually favors crosslinking in vacuum, but chain scission mainly occurs in air E591.
The present study was concerned with the morphology of nylon 66 yarns as affected by near-uv, that found in sunlight at the earth's surface. This portion of the spectrum (300-400 nm) has been shown to be most deleterious to textile materials [16, 29, 41, 54] , but its effect on fiber morphology has not been examined in any detail. Ultraviolet (uv) ejects were assesse?i by viscosity and density measurements, acid dye take-up, wideline nuclear magnetic resonance (nmr), and differentia) scanning calorimetry (DSC).
Experimental Procedures Yarn Description and Preparalin~r
A commercial 630-den, l()4-fitament nylcin 66 yam2 . with a 5:1 1 draw ratio was used. The yarn contained copper, iodine, and Ti02 detusterant in undisclosed form and quantities. From patent literature ~10~ it was deduced that the copper and iodine were probably thermal antioxidants present as copper acetate and potassium iodide. , The 1% spinning finish was removed with a nonionic aqueous scour. Hand scouring of tension-free skeins was followed by six distilled water rinses of ~-1() min each. All rinses were at room temperature, except the second which was at 100°F. Yarn skeins were airdried, wound mechanically with minimum tension onto perforated stainless-steel packages, and stored under vacuum in a darkened desiccator. I 1 Correspondence regarding this paper should be addressed to the above. 2 Kindly provided by Chemstrand Research Center, Inc.
Ultraviolet [,,xposure All yarn handling was done in a dry nitrogen atmosphere. Yarn was wrapped with minimum tension in a single layer around the quartz cylinder which was fitted into a quartz tube and closed wit1l a rubber stopper. The apparatus (Fig. 1 ) was flushed for 30 min with dry oxygen, the stopcocks closed, and stopper sealed with paraffin wax. It was then placed in the center of a Rayonet I'hotochemical Reactor [48] which consists of a circular chamber of highly reflecting surface around which are mounted sixteen 2~-V1~' lamps. Radiation wavelength was at 350 + 50 nm and the intensity at the center of the reactor was reported to be 92(X)IA W/cml. Temperature inside the reactor, moderated by a fan, was found to be approximately 52°C. Samples were exposed continuously-for 72-, 142-, and 240-hr periods.
To determine whether the uv reactor temperature of S2°e was affecting fiber morphology, yarn was held for 240 hr under identical conditions except uv exposure was omitted. The same experiments were conducted on this thermallv treated yarn as were conducted on the control and uv exposed samples. Half-gram samples of yarn cut into 1-in. lengths were thoroughly wet out in distilled water, drained, and dropped into the preheated dyebaths with vigorous stirring, then covered. The dyebaths were stirred intermit tentty. Aliquots (5 ml) were removed after 5, 10, 20, 45, and 60 min in the case of C. I. 122 and after 5, 20, 45, 60, and 90 min in the case of C. 1. 78.
Spectral absorbency of the aliquots was recorded using a Beckman DK Spectrometer and percent dye on the tiber was calculated according to the following equation:
Apparent diffusion coefficients D were calculated according to the modified procedure for diffusion into a plane semiintinite medium [7-9, 38, 42, 50~: where D is obtained by plotting [C,/C.J2 vs the time t; C'j = concentration of dye on fiber at time 1; I'_ = concentration of dye on fiber at time < ; r = 14~ is the radius of a filament; l = 1.5 X 101 cm/g; length/g of a 6-den filament.
ll'itleline I'MR
Proton nmr measurements of the nylon 66 yarn were made on a Varian DA 60 spectrometer with resonance frequency of 58.6 MHz. The samples were prepared in a dry nitrogen atmosphere after exposure 'to uv radiation. The yarn was carefully aligned and pulled through an opening in a i-in.-diameter cytindricat Teflon rod as shown in Figure 2 . A slit in the rod from the bottom allowed for expansion of the opening such that a snug fit could be obtqined without placing undue stress on the sample. A ring was slipped over the end of the sample holder to hold the yarn firmlv in place. Excess yarn was removed with a sharp razor blade, cutting the yarn flush with the rod. A thin sleeve was slilyed over the end of the sample hc>Ider covering the ends of the yarn. The sample was evacuated at lOw' mm Hg for at least 24 hr to insure dryness before nmr measurements were made. A double wall-glass insert was constructed such that it would fit into the nmr probe, accommodate the sample holder and also allow nitrogen gas to flow over the sample. The insert was fitted with a Teflon cap to allow the gas to flow out from the magnet. A thermocouple was passed through the cap along the sample holder to monitor the temperature. The gas flow passed over i heating element for high temperature and through a copper coil immersed in liquid nitrogen for low temperature work. Spectra were obtained over a range from about -100°C to -~ 140°C in approximately 10°C intervals. Spectra were recorded at a modulation amplitude of 1.70 or 2.14 G at a modulation frequency of 40 Hz. The field sweep rate was approximated 0.1 G/sec. First derivative curves were simultaneouslv printed out and stored on 512 channels of a time averaging computer (CAT). Data were transferred from the CAT onto, a tape using a 'rally tape punch. Data from the tapes were usually read directly into an IBNI 360-75 computer for numerical analysis. Second moments and linewidths were obtained. Corrections for the modulation amplitude were accounted for in the second moment calculations [5] . All spectra were obtained with the fiber orientation parallel to the external field Ho. Three replicas were recorded for each uv exposure period.
Density and Perceiii Crystallinity
A density gradient column was prepared by ASTM Method D 1505-68 E3], Method C, using toluene and carbon tetrachloride. Determinations were made at 23 t 2°C. Samples were prepared from approximately 1-in. lengths of yarn and immersed for 15 min in the less dense of the column liquids prior to entrance into the column. Density values were read after 5 days.
Percent crystallinitv was calculated according to the following relation using Starkweather and Moynihan [5J8] density values for crystalline (1.220 g/cm3) and amorphous (1.069 g/cma) fractions of nylon 66. where a,. is the percent crystallinity, p is the measured density of sample, p&dquo; is the density of amorphous fraction, and p,. is the density of crystalline fraction.
Differential .Sc~mtittg C'~lurimetry 1'arns were chopped into approximately '-in. lengths using a sharp razor blade against a marble surface in an effort to avoid crushing filament ends. Samples, approximately 6.5 mg weighed to the nearest 0.01 mg, were packed randomly in the same holder and sealed. A Perkin-Elmer DSC-1B calorimeter was operated at a scan rate of 2i)'C/min. All scans were begun at 6~)°C and terminated at 280'('.
Results and Discussion
Irradiation reactions from widely varying energy sources are known to proceed via free-radical mechanisms. It has been generally. reported ~11, 28, 37, 41, 47, 52, 6' ), 62, 66 J that radical I in Figure 3 is the predominant one formed in polyamides regardless of the irradiation source. Presumably· crosslinking can occur when two free radicals on adjacent chains are in sufficiently close proximity to form a carbon-carbon bond. However, if the radical remains in the position shown in Figure 1 linking [15~, which is probably the main reason why polyamides crosslink less readily [18, 32, 36 ] than polymers such as polyethylene. It is reported that chain scission occurs at the C-N-bond adjacent to the methylene carbon. Sharkey and Mochel [52~ postulated from decomposition products that initial photolytic cleavage occurred at the amide linkage, but found no direct evidence. ()thers [28, 41, 47, 60] have proproposed photolytic degradation of the amide linkage to account for evolved ('() gas. More recently, Heuvel and Lind E28] observed by esr measurements free radicals resulting from amide cleavage at low temperature.
When oxygen is present in the irradiation system there is evidence [11, 37, 41, 52] , including esr [66~, that peroxy radical II shown in Figure 3 is predominant. Photodecomposition products and other measurements indicate that in the presence of near-uv energy, chain scission predominates over crosslinking. The presence of rio2 delusterant tends to accelerate photooxidation, particularly in the presence of moisture [20~. Taylor, el al. [64~ observed that Ti02 enhanced uv absorption at 350 nm, accelerating photodegradation as measured by loss of tensile strength. They postulated that Ti()l probably initiates degradation by absorbing radiation, producing free radicals or peroxides which chemically attack the nylon fiber. Fast electrons, gamma, and x-rays are capable of removing electrons indiscriminately in amorphous or crystalline regions leaving ion fragments, or of causing secondary reactions as the high energy beam of particles is dissipated within the polymeric system E151. Near-uv radiation, while several orders of magnitude , lower in energy, is more specific in its effects and may be expected to have related but not necessarily the same effects on polymer morphology as high energy irradiation under the same exposure conditions. As discussed below, the experimental data obtained in this investigation indicates that chain scission occurs in areas of low order on exposure of nylon 66 to near-uv radiation, little or no crosslinking occurs and the newly freed chain ends relax into a crystalline configuration. The supporting evidence for this interpretation is given below. V iscosity anil Mv v ' Intrinsic viscosity and Mv decreased with increasing uv exposure time as shown in Figure 4 . In no case was any gel or any erratic flow time observed. This would suggest that chain scission was predominant under the present experimental conditions as no gel due to crosslinking was observed. Samples held at 52°C for 240 hr had slightly increased viscosity and Mv values. Decreases in viscosity of polyamides on uv exposure have been reported by others [1, 31, 41, 47] , although gel formation has been observed [59w hen nylon 66 was exposed to far uv (254 nm) under FIG. 4. Intrinsic viscosity and ~1~'u for nylon 66 yarns exposed to uv. nitrogen and in t'acuo. It should be noted that, if crosslinking or branching occurs, the relationship between viscosity and _~r t' should be modified [70] .
Thus, the values of Mt, in Figure 4 should be noted with caution. , .4 cid Dye~ ng Molecular order of the fiber strongly influences the rate of d)-e diffusion into the fiber [6, 19, 39, 42] , although it may have little or no effect on equilibrium take-up [8, 17, 30] . Rate of dyeing curves generally show a rapid initial rate followed by leveling off at a concentration of dye approximatelv equal to the number of amine groups in the fiber. Apparently, as electroneutralitv within the fiber is approached, there is a restriction of dye sorption [39] . Anionic dyeing is believed to occur in regions of low molecular order where amine end groups are available. Dinusion rate is controlled by the resistance the internal molecular arrangement provides for the bulky dye molecules and the extent of absorption of dye on the polymer surface. Orientation and molecular packing then become critical. Large dye molecules with non-planar structures have restricted mobility and may be restrictive to passage of other molecules. In addition, dyes with greater numbers of sulfonic acid groups in their structures will have restricted mobility due to interaction with the charged polymer with limited absorption sites, the latter slowing diffusion. The concentration gradient within the fiber is decreased with more highly sulfonated dyes and diffusion is reduced E421.
It has been proposed that segmental motion with accompanying increase in free volume is the driving force of diffusion, [49] . It has been proposed that segmental motion in polymers controls rate of dye diffusion as it does rate of creep and relaxation phenomena. At dyeing temperatures above the polymer To free volume swept out by segmental rotations-forms &dquo;holes&dquo; which can accommodate dye molecules. The energy of diffusion may depend not onlv on the &dquo;hole&dquo; formation but, in ionic systems on the binding energy of dye to polymer; a factor influencing release of the dye molecule to enter the &dquo;hole&dquo; formed.
If amine end groups are chemically changed or made inaccessible by some fiber treatment such as heatsetting or drawing, then equilibrium dye take-up is reduced [17, 45>, 69] . Slight decreases in equilibrium take-up of dibasic and tribasic dyes have been observed when the draw ratio of iiN-Ion yearn was in-· creased. At all draw ratios studied -E421, di-afB(1 trisulfonated dye take-up exceeded that of tetraL,;ulfonated dyes.
Figure i shows dyeing rates for control samples and yarns exposed to uv radiation for 72, 142, and 240 hr then dyed with ('. 1. 78 and ('. 1. 122. C. I. 78 and ('. I. 122 are believed to be monosulfonic and disulfonic anthraquinone acid dyes, respectively ~6~~. The former should be more sensitive to amine group content and the latter pore sensitive to differences in fiber structure. ' FIG. S. Rate of dye take-up for uv exposed nylon 66 yarns dyed with: (a)-Anthraquinone Milling Blue BL (('. I. 122) and h -~1erpacyl Blue SW (C, L 7X).
The data for I'. 1. 78 (Fig. 5b ) indicate a slight difference in shape of dyeing rate curves for the control and uv exposed samples up to about -I() min dyeing time. The differences were probably due to increases in molecular order upon uv exposure which could be expected to have some effect on diffusion on C. I. 78. The differences disappeared as equilibrium take-up was approached. At 90-min dyeing time, there was about 7% more dye on the control yarns than on those exposed 142 or 2-I() hr. 'rhe latter continued to adsorb dye at 90-min dyeing time, but the rate was greatlv attenuated and was the same for both exposures.
This indicated that, after 142-hr uv exposure in a dry oxygen atmosphere, some amine end groups were photooxidized or became virtually inaccessible to dye by an increase in molecular order. Additional -exposure to uv beyond 142 hr had little effect on the number of available amine end groups. Viscosity measurements show that uv exposure caused considerable chain scission. The ('. I. 78 dyeings clearly show that chain scission either did not generate new amine end groups or, if new amine end groups were generated, they were made inaccessible or photochemically decomposed. The photochemica) decomposition of amine end groups has been reported by others E37, 41]. Figure 6 shows the dye diffusion is non-Fickian and there is no discernible trend in the apparent diffusion coeflicients D for the dyeing time intervals between 5 and 20 min (Table I) NfcGregor and Peters ~38~ observed nonlinear behavior of such plots which they attributed to the fact that diffusional properties of the boundary layer next to the fiber surface are different from diffusional properties of the medium at the fiber surface. They showed that the plot varies with amount of stirring of the dyebath-amount of stirring affecting the thickness of the boundary layer. As dyeing time is prolonged, stirring no longer affects diffusion as the rate becomes dependent on the dye already in the fiber.
Comparison of the curves of the control and the thermally treated samples indicate that 240 hr at 52°C in a dry oxygen atmosphere had no effect on amine end-group content in these experiments.
Dyeings with C. I. 122 were carried out under conditions which would accentuate differences in dyeing rate and favor amine end groups as sites. nyebath concen-TAIILE I. Apparent diffusion coefficients (D) for control and UV exposed yarns dyed with Anthraquinone Milling Blue BL and Merpacyl Blue SW. within a range which favors amine end groups rather than amide groups as dye sites and assures no further formation of amine end groups by acid hydrolysis of the polyamide ~-1(), (>7~. Dyebath temperatures were above Tu, a factor shown to be critical in the ditlusion process [17, 49] . Figure 5a shows that as the duration of uv exposure was increased the rate of dye take-up decreased indicating structural modification of the fiber. ('ontrol samples exhausted the bath in less than 20 min, but the dye was not completely adsorbed in 45 min following exposure to uv for 142 hr. The thermally treated yarn adsorbed slightly. more dye than the control, but the difference is not significant. This dearly shows that decreased dye adsorption following uv exposure was a real effects and not solelv a thermal one. Figure 5 indicates that the greatest differences in amount of dye adsorption among the uv exposures appeared to occur in the earlv stages of dyeing, 20 min or less. The first 5 min of dyeing would involve initial adsorption on the fiber surface. The amount of dve adsorbed then depends to a considerable extent on the available adsorption sites E42J. The trend in adsorption behavior was similar for both acid dyes suggesting that there was little additional loss of amine end groups beyond 142 hr uv ex*l)ostl.e. In every instance except one, after S-min dyeing time, there was more ('. I. 78 on the fiber than (.'. I. 122, the dinerence being greater at higher uv exposures. 'I'his was probablv not a function of dyebath concentration. because at 5 min each dyebath contained sufficient dye to saturate the fiber surface. Both sulfonic acid groups in the latter dye could be expected to react with available amine sites. However, the probahility of the dye molecules obtaining steric alignment f;tvc>r,~hlc for attachment would diminish as the fiber tnulecular structure became more constrictive. Con- versely, monobasic dyes such as the C. I. 78, which are usually smaller molecules, are less restricted in movement by the fiber molecular arrangement [42] . This could account for differences in percentage adsorption between the two dyes and is further evidence that uv exposure under these experimental conditions increases fiber molecular order.
It has been previously observed [12, 71J that uv irradiation effects are essentially surface phenomena. 'I'he dye data seem to imply that the fiber surface which the dye must penetrate has become increasingly resistant to diffusion after 24() hr uv exposure.
When the amount of ('. I. 122 adsorbed was plotted vs the square root of dyeing time, the relationship was linear (Fig. 7) . This was to be expected under the conditions of low dyebath concentration and short dyeing times. , luc. 7. Grams Anthraquinone Blue Bl. adsorbed per 100 K of nylon 66 yarn as a function of uv exposure and square root of adsorption time. (Table 1) amplified the foregoing observations. The control fiber had the highest apparent dittusion coefficient as expected. The reason for the smaller value for the temperature rontrol is less easily understood. There was no decrease in amine end-group content and slightly higher dye takeup at 5and 10-min dyeing times. Further, there was a slight increase in intrinsic viscosity, with accompanying increase in Mv. The effect of 240 hr at 52*C may have been to cause some crosslinking. That could be expected to reduce diffusion rate, but not nt'cessarily affect amine end groups.
Apparent diffusion coef3icients
The greatest reduction in diffusion rate occurred in the first uv exposure period. A much smaller change occurred with 70 additional hours of exposure, but diffusion rate decreased further as a result of the last exposure period.
, ' The reduction in apparent diffusion coefficient shown in Table I was expected for C. 1. 122 and does not reflect changes in amine end-group content. A reduction in diffusion coefficients due to a decreased chemical potential gradient should be minimized under the experimental conditions, that is, low dye concentration and short dyeing time. Increased polymer segmenta) motion at dyeing temperatures above T,, would be expected to increase diffusion rates. However, restriction of segmental motion due to increased molecular order in the amorphous phase would decrease the diffusion rates.
The dyeing experiments suggest ihat , prolonged exposure at 350 nm uv radiation in a dry oxygen atmosphere rendered ineffective some amine end groups either by photochemical decomposition or masking in newly ordered regions.
Effects of various irradiation sources on the wideline nmr of polymers have been reported in the literature [21-2i, 55] . I'lots of the second moment (AH2 2) and linewidth (AH) of the nmr line vs temperature describe effects of magnetic dipole interactions and thus provide information about molecular structure. Treatments known primarily to crosslink certain polymers [21, 27 J and those known to increase crystallinitv [55~ affect the IH2 and AH plots in ways which can elucidate which process has affected molecular immobilization. Typica) nnir spectra of the half-derivative curves are shown in Figure 8 transition temperature. Second moment results were compared with those reported by Olf and Peterliñ~3~ as their yarns are of the same source and description as employed here and the agreement is excellent.
A plot of AHz2 vs temperature is given in Figure 9 fit of the data based on a least-squares analysis and are the master curves for three replications of each exposure time. The AH3 of the exposed yarn averages about 1 (,~ more than the control over the temperature range f rom -1(»°C. to + 140°('. However, at 140°C, the AHz2 values were about the same. 'rhis increase in AH2 at low temperatures shows that there is a stronger average dipolar interaction. An increase in crystallinity would be expected to yield such results, whereas an increase in crosslinks would not ~21, 27, 55~. An intermediate uv exposure period of 142 hr gave OH22 results that fell between the above two curves.
The linewidths, defined as the peak-to-peak distance (in G) between the extrema on the derivative curve, are shown in Figure 10 . At low temperatures, the AH of the exposed sample is clearly greater than the AH of the control and this is in agreement with the OHzz 2 data. The a transition is also clearly shown and it appears to occur at a lower temperature for the exposed sample. This may be due to the uncertainty in the AH measurement in this temperature region and not to a morphological change. However, such a result would be consistent with the lowering of the To in polyester with increasing annealing temperature and crystallinity [19] . At 140°C, both the control and 240-hr exposed samples had AH values of about 2.5 G. I~ ic. 10. Linewidth of the nmr line for nylon 66 exposed to uv for o an<1 240 hr. NMR spectra were obtained at low temperatures first to minimize annealing as the cause of observed changes. Annealing could be expected to increase the second moment, but such an effect was not observed.
Density and Percent Crystallinity
Table II and Figure 11 report average density values obtained for control yarns and those exposed to uv for 72, 142, and 2.tO hr. There was no significant change in density observed following 72and 142-hr irradiation, but a significant increase occurred with 240-hr exposure. This was interpreted to mean that on prolonged exposure to uv under dry oxygen atmosphere, there was an increase in crystallinitv as measured bv an increase in density. The thermally treated samples did not show a change in density. It should be noted that surface effects of uv radiation could slightly change the surface swelling by the column liquids and slightly influence the observed density. TABLE 11. Density and percent crystallinil for nylon 66 yarns exposed to uv irradiation at 520('. (Table III) . ()f particular interest were the smaller melting peaks or shoulders which onlv appeared on thermograms of the 240-hr uv exposures. A typical comparison of thermograms is shown in Figure 12 .
TABU: 111. kveragc melting temperatures for nylon 66 yarns exposed to uv irradiation at 52°(' as measured hB OS(' at a scan rate of 20°('/min.
The presence of multiple melting peaks in DSC endotherms has been observed in studies of polyethylene, polytet rafluoroethylene, polyester, and nylon 66 [33] . Yeterlin and Meinel [44] observed the melting behavior of drawn and rolled polyethylene of high and low crvstallinity following treatment with fuming nitric acid: Two melting peaks were observed following acid etching of low crystallinity polyethyltne. 'I'hese were interpreted to indicate the presence of two types of crystallites of different thicknesses in a quenched sample,. However, Sweet challenged the theory that multiple endotherms in DSC melting of semicrystalline polymers are the result of the presence of different types of crystalline units, but instead are effects of melting and recrystallization of crvstallites which are highly affected by heating ra t es.
In the present experiments, the shoulders varied in size and shape among the uv exposed samples, but quite consistently appeared near 258°C. No evidence of shoulders appeared on the DSC scans of the thermally treated samples. The presence of these shoulders suggests that new crystalline regions, which differ from the original crystallites, may be formed on prolonged uv exposure us a result of chain cleavage which allowcd molecules to move, primarily in amorphous regions, into a more orclerccl configuration.
Summary and Conclusions
. A multifilament nylon 66 yarn was exposed to 350 ~ SO-nm uv radiation in .a dry oxygen atmosphere. Assessments of morphological change were made by viscosity, acid dye take-up, wideline nmr, density, and DSC measurements. Viscosity average molecular weight was determined as well as percent change in crvstallinity as calculafed from density data. B vlon 66 yarn exposed to uv irradiation in the presence of dry-oxygen exhibited measurable change in tine structure. Anionic dyeing was found sensitive to small changes in fiber structure and hence detected uv effects at low exposure times. It revealed constriction of the fiber structure, but not the nature of the constriction. Wideline nmr detected significant change in fiber morphology only after 240-hr uv exposure, but the shapes of the second moment vs temperature plots were useful in showing that fiber morphology had been affected. Density, viscosity, and DISC measurements were used to confirm results from dyeing and nmr experiments. ' The study indicates that photo-oxidation at a low energy level causes considerable chain scission and re-duction in mulecular weight as revealed by intrinsic viscosity and reduction in second moment measured at high temperatures. Wideline nmr and DSC measurements suggest electromagnetic radiation of 350 nm does not cause major disruption of crystallites. Although this radiation is sumcicnt to cause scission in both the crystalline and amorphous domains, segmental motion in the crystalline regions is highlv restricted and thus recombination of radicals is much more cf~cient in the ordered regions. Therefore, permanent scission must have occurred primarily in amorphous regions of the fiber.
There was a measurable increase in molecular order on prolonged uv exposure as shown by increased density and percent crvstallinity, increased second moment measured at low temperatures, increased linewidth at low temperatures, and reduction of diffusion rate of Anthraquinone Nlilling Blue BL dye. Dyeings with Merpacyt Blue SW indicated that on 240-hr uv exposure, some amine end groups were lost by chemical change or made inaccessible to dye. ' Under the experimental conditions of this study, no measurable crosslinking occurred. No insoluble gel was detected in 90% formic acid, nor did wideline nmr indicate crosslinking. The findings suggest that the newly freed chain ends resulting from photo-oxidative cleavage of polymer chains primarily in the amorphous regions of the fiber relax into a crystalline configtirttion.
Literature Cited except for the 548-hr exposure where 7 were tested. The coefficient of variation was less than 9% in all cases.
The average breaking strength, percent elongation, ' and specific work of rupture for each uv exposure time are given in Table I 
